ABSTRACT: A direct current, cold, atmospheric-pressure Ar/O 2 (2%) plasma microjet (PMJ) was used to disinfect root canals in single-rooted extracted human teeth. Results showed that 98.8% Enterococcus faecalis (E. faecalis) was inactivated in 8 min. However, the seemingly cleaned root canal was reinfected after a week, possibly due to the hard-to-reach infected dentinal tubules. It was found that a 30-min PMJ treatment could effectively prevent the reinfection. This presents a simple yet effective alternative to traditional treatment of root canal infections in endodontic therapy.
INTRODUCTION I.
Bacterial infection has long been recognized as the primary etiologic factor in the development of pulp and periapical lesions. 1 The purpose of root canal treatment is to eliminate the infection of the root canal system and prevent reinfection. For treatment of root canal infection, the primary methods include mechanical cleaning, irrigation, laser irradiation, ultrasound, and the application of hypochlorite and other antibacterial compounds.
2 Standard intracanal antisepsis usually cannot achieve a complete elimination of microorganisms from endodontic sites. 3 In fact, some studies have demonstrated that the incidence of negative cultures ranges from 40%-60% of the cases treated by those standard intracanal antisepsis strategies. 4 The majority of these reinfection cases are attributed to E. faecalis, which can grow within dentinal tubules and reinfect the obturated root canal. 5, 6 Moreover, it is believed that the failures of disinfection are induced by a number of factors, including the complex anatomy of root canal systems, the diffused localization of endodontic infections, the limited diffusibility of antimicrobials, and the relative antimicrobial resistance of infecting bacteria. 3 For instance, calcium hydroxide, which was used as an intracanal medicament routinely in endodontic treatment, could not eliminate bacteria living in root canal completely. 7, 8 Therefore, more effective methods to disinfect tooth root canals needed to be developed for endodontic therapy.
Recently, atmospheric-pressure nonthermal plasmas emerged as a novel tool in dentistry, 9,10,11 especially in tooth root canal disinfection .12,13,14 E. Stoffels and co-workers 13 reported that nonthermal plasmas do not cause significant thermal burn or destruction. They also discussed the probability of applying nonthermal plasmas in the oral environment. Lu and co-workers 12 reported preliminary results on a real infected tooth root canal with a He (O 2 ) plasma plume driven by a high-voltage (HV) submicrosecond pulsed direct-current (DC) power supply. Root canals were not completely disinfected in that experiment with 10 min of plasma treatment. Jiang and co-workers developed a He (O 2 ) plasma plume 14, 15 that was powered by 4-to 6-kV ~100-ns electric pulses at a repetition rate up to 2 kHz. They stated a highly promising capability of these plasmas in endodontic disinfection. However, scanning electron microscope (SEM) results revealed that plasmas failed to reach below 1 mm in depth where biofilms were still present. More recently, R. Bussiahn and co-workers 16 reported the generation of a hairline plasma with a length up to 1.5 cm, which could be adjusted to treat the tip of the root canal. Despite the variation of the devices, preliminary results from these groups show effective disinfection of root canal on extracted tooth or tooth models in a time ranging from 4 min to 5 min. However, to our best knowledge, no assessment on reinfection has been conducted up till now.
In this study, we used a DC-driven Ar/O 2 (2%) plasma jet to disinfect E. faecalis in tooth root canal. E. faecalis was chosen as it was the dominant species recovered from the failed obturated root canal. 5, 6 The reinfection of E. faecalis was evaluated by comparing the bactericidal efficiency between the plasma treatment and the standard clinical treatment with intracanal medicaments. SEM was employed to evaluate the existence of E. faecalis both in tooth root canal and dentinal tubules. Electron spin resonance (ESR) spectroscopy and optical emission spectroscopy (OES) were utilized to analyze the reactive species generated in the plasma.
MATERIALS AND METHODS II.

Experiment Setup A.
The plasma device comprises two coaxial copper tubes as the electrodes, separated by a dielectric layer with a thickness around 0.5 mm. A schematic diagram of the device is shown in Fig. 1 (a) . Detailed information on the device and electrical circuit can be found in our previous papers, 17,18 as well as in J. Kolb and co-workers' publication. 19 A premixed gas mixture (argon with 2% oxygen) was used as the working gas and was forced through the inner electrode at a flow rate of 5 slm. The sustaining voltage of the PMJ was in the range of 400-600 V, with an operating current of 20-35 mA. The length of the plasma microjet was typically 5 mm at these operating parameters. The teeth were placed at 5 mm below the PMJ nozzle during the plasma treatment process. Figure 1 (b) shows a picture of the plasma jet being applied to a real tooth.
Root Canal Samples and Bacterial Growth B.
Single-rooted extracted intact permanent teeth were selected and stored at 4°C in 1% thymol solution before experiment. The root canals were prepared with Ni-Ti hand files (Mani Inc., Japan) up to size #40 following step-back technique, and irrigated each time file size was changed to remove debris. Each apical foramen was sealed with composite resin (Clearfill AP-X, Kuraray Dental, Japan); this step is necessary for the inoculation of bacteria inside the root canal. After this procedure, root canals form a cone-shaped cavity (volume ~ 10 μL) with the narrow bottom sealed. All specimens were sterilized by an autoclave before further treatment. Enterococcus faecalis (ATCC29212) was cultured in a Luria-Bertani (LB) medium for 18 h until it reached the logarithmic growth phase. Ten μL fresh diluted suspension (10 6 CFU/mL) was then injected into root canals. This concentration of bacteria was chosen as it is close to the real situation in clinics.
Experiment Regimen C.
The experiments were divided into two parts, as shown in Table 1 . Part I evaluates the effectiveness of the PMJ on disinfection of root canals. Forty-eight samples were equally divided into two groups: Group A was treated with gas flow (without plasma) for 2, 4, 6, and 8 min, respectively, and used as negative control. Group B was treated by PMJ for the same time periods. No evaluation of reinfection was performed for these samples. After each treatment, the root canals were rinsed with LB medium five times. Ten μL medium was injected each time and the 50-μL collected suspension was mixed with 100 μL LB medium and spread onto LB agar culture medium on a Petri dish, which was then in- cubated at 37°C for 24 h for CFU evaluation. The experiment was repeated at least three times in each group to obtain an average inactivation rate and the statistical error bars. CFU counting was performed with an image recognition program developed in house. The inactivation rate is defined as: (1 -CFU treated /CFU control )  100%.
Elimination of microorganism in the infected root canal is one of the goals of endodontic treatment. Other than biomechanical preparation and root canal shaping, intracanal medicament is necessary for the infected root canal before obturation. In Part II, the reinfection of E. faecalis after PMJ treatment was evaluated and compared with traditional intracanal medicament treatment.
Twenty-five samples were equally divided into five groups (Group C-Group G): Samples in all groups were injected with 10 μL bacterial suspension. Group C was treated with gas flow and used as the negative control. Samples in groups D-F were treated with different intracanal medicament for 7 days: Group D with formocresol (FC); Group E with camphor phenol (CP) and Group F with Ca(OH) 2 . Group G was treated with PMJ for different times (8, 10, 20, 30, 40 min) . All samples were temporarily sealed with Cavit (3M ESPE, St. Paul, MN, USA) and incubated at 37°C for 1 week. The root canals were then rinsed and incubated following the same procedure as described in part I. The reinfection rate was directly defined as: (CFU treated /CFU control )  100%. 
Temperature Evaluation D.
A portable intelligent data logger (TH-210, High-chance Ltd., Beijing, China) was placed 5 mm away from the exit nozzle of the PMJ device to evaluate the PMJ temperature at different treatment times.
SEM Evaluation E.
Teeth from each group were split longitudinally with a bamboo knife. The tooth slices were then fixed overnight with 2.5% glutaraldehyde at 4°C, dehydrated sequentially in ethanol (30%, 50%, 70%, 80%, 90%, and 100%), dried naturally, and mounted on a sili-con slice. The samples were sputter-coated with gold-palladium for 1 min and examined with a SEM (NOVA NANOSEM 430, US).
ESR Spectroscopy F.
ESR spectroscopy, which has been widely used for free-radical detection 20, 21 was applied to evaluate the reactive species (with unpaired electron) generated by PMJ in distilled water, to simulate the plasma-water interaction at the surfaces of the root canal. The persistent aminoxyl spin-trapped adduct of the radicals produced in the system has a much longer life-span and therefore can be detected easily by ESR spectroscopy. In this work, DMPO (5,5-dimethyl-1-pyrroline-N-oxid, Sigma Aldrich Co., Ltd) and TEMP (2,2,6,6-Tetramethylpiperidine, Sigma Aldrich Co., Ltd) were used as the spin-trap reagent for hydroxyl radical (•OH) and singlet oxygen ( 1 O 2 ), with DMPO-OH and TEMPO as their spintrapped adducts, respectively. DMPO-OH is characterized by quartet spectrum (peak ratio: 1:2:2:1), while TEMPO shows a triplet spectrum (peak ratio: 1:1:1). Evaluation of these spin-trap adducts were carried out on an ESR spectrometer operated at room temperature (ER-200D-SRC, Bruker Ltd, Germany; central magnetic field: 3420.00 Gauss; sweep width: 200.0 Gauss; frequency: 9.53 GHz; modulation frequency: 100 kHz; power: 20 mW). Detailed detection procedure can be found in our previous work.
11,22,23
Optical Emission Spectroscopy (OES) G.
End-on light emission of the PMJ in air was collected through a quartz fiber-optics cable to the entrance slit (500 µm) of a 0.75-m spectrometer (Acton 2750) equipped with a 1800 groove/mm grating. The light was focused onto one end of the fiber-optics cable via a quartz convex lens (D = 12.7 mm, F = 20.0 mm). The dispersed emission spectra were recorded by an intensified CCD camera (Roper Scientific I-MAX-1024; Trenton, NJ, USA) at the exit plane of the spectrometer.
RESULTS
III.
Temperature Evaluation A.
The temperature increased with the PMJ treatment time and reached an equilibrium stage at approximately 40°C in 10 min. This temperature is not sufficient to inactivate E. faecalis 24 and is also safe for human tooth (<42°C).
25
Root Canal Disinfection B. Figure 2 shows the disinfection rates of E. faecalis in Group B with various PMJ treatment times. Clear reduction of the bacterial colonies is observed after a 2-min plasma treatment. The disinfection rate gradually increases with the treatment time and reaches 98.8% after an 8-min PMJ treatment. These data agree with the results reported in references.
12,14
The reinfection of E. faecalis after PMJ treatment and the comparison between the PMJ treatment and intracanal medicaments was plotted in Fig. 3 . Root canal treated with PMJ for 8 min showed a reinfection rate of about 62% after 7 d. The reinfection rate decreased gradually with the increase of the PMJ treatment time, reaching 0.8% for that with 30-min PMJ treatment. The samples treated with PMJ for 40 min presented 
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no reinfection, while the samples treated with intracanal medicaments for 7 consecutive days showed reinfection rates of 0% (Group D: FC), 2.8% (Group E: CP), and 4.2% (Group F: Ca(OH) 2 ), respectively.
Scanning Electron Microscope C.
SEM examination was carried out to evaluate the effect of PMJ on E. faecalis-infected single-rooted teeth. The teeth from groups A, B, and G were prepared for observation immediately after plasma treatment. An illustrative picture of a tooth is shown on the left of Fig. 4 , where three boxes are drawn to show three locations (root canal, the middle third, and the apical third of the root canal) where the SEM pictures were taken with magnifications of 100, 5000, and 5000, respectively.
In the control group, bacteria cover the entire root canal surface from the top third to apical third [Figs. 4 (a) , (b), and (c)]. After 8-min plasma treatment, the root canal is partially cleaned with a clear contrast line separating the zones with and without bacteria [arrow in Fig. 4 (d) ], indicating the active species generated by plasma have a limited penetration depth in 8 min. This phenomenon is consistent with the findings in the work reported by Jiang and co-workers.
14 The middle third of the tooth root canal had few bacteria observed around dentinal tubules' opening [ Fig. 4 (e) ]. A considerable amount of bacteria still survived in the apical third of the root canal [ Fig. 4 (f) ]. This could explain the high reinfection rate in 7 d with a short PMJ treatment time in Group G. When the treatment time was extended to 30 min, the entire root canal was thoroughly cleaned, with no bacteria observed in SEM pictures [Figs. 4 (g) , (h), and (i)], suggesting that appropriate PMJ treatment could prevent reinfection effectively.
Optical Emission Spectroscopy (OES) D.
Due to the strong electric field between the closely spaced electrodes, the electron energy distribution in the plasma is highly non-Maxwellian, with a relatively large concentration of high-energy electrons.
26,27 These high-energy electrons are required for the single-or multiple-step ionization and excitation of species in the Ar/O 2 or around aqueous media. OES was employed to investigate the active species generated in the Ar/O 2 PMJ. Figure 5 shows an end-on optical emission spectrum of the PMJ from 200 to 860 nm when it was operated in air at a discharge current of 30 mA and a gas flow rate of 5 slm.
The spectrum is dominated by atomic argon emissions, mostly attributed to direct electron impact excitation. Strong emissions from excited atomic oxygen at 777 nm and 844 nm are also observed in the spectrum. The oxygen emission at 777 nm is due to dissociative excitation by electronic collisions from the ground state oxygen molecules.
28
The oxygen emission at 844 nm, however, is due to mostly direct electron impact with ground state oxygen atoms. The excited state of oxygen can also be populated by dissociative excitation of O 2 by the excited argon metastables: Ar* + O 2  O + O* + Ar.
29
Figure 5 inset shows in the UV-A and UV-B regions between 300 and 400 nm, emissions from the 2 nd positive system of N 2 (C 3 Π u  B 3 Πg) with the most intense band head at 337 nm. OH band spectra are between 306 and 310 nm, and two atomic copper lines at 325 and 327 nm are also observable in this region. OH is likely generated from H 2 O (from ambient air) dissociative excitation by argon metastable states. 30 Copper emissions are due to the electrode material.
Aside from the direct interaction with bacteria, atomic oxygen can also serve as the precursor for the production of ozone via three-body reaction:
We evaluated ozone concentration at 1 cm away from the exit nozzle of the PMJ with an Ozone Analyzer (Eco, model UV-100; range: 0.01-900 ppm; and accuracy: 2%). The zone concentration reached about 40 ppm at the same operating parameters as mentioned above. This is lower than the "high ozone concentration" threshold of 50 ppm.
31
Nevertheless, one cannot neglect the antimicrobial effects of ozone when it is prescribed in sufficient concentration and applied for an adequate period of time. 32 Further study of the inactivation of bacteria by ozone without the presence of other reactive species will be conducted in the future. 
ESR Spectroscopy E.
Hydroxyl radical (•OH), superoxide anion radical (•O 2 -) and singlet oxygen ( 1 O 2 ) are believed to play an important role during the oxidation of the fatty acid in the cell membrane, thus leading to the inactivation of microorganism. 17, 18, 23, 33 ESR spectroscopy was used to detect these reactive oxygen species (ROS) in the liquid solution. When DMPO was added into 1 mL distilled water and treated with PMJ for 20 sec, quartet DMPO-OH adduct spectrum was observed [as shown in Fig. 6 (a) ]. The hyperfine splitting constants a N = a H = 1.5 mT are consistent with the reported value of DMPO-OH.
34 DMPO was also used to capture superoxide anion radical (•O 2 -). Superoxide dismutase (SOD, an enzyme that specifically depletes •O 2 -) was added into the system before the PMJ treatment. A decrease of DMPO-OH signal was found (data not shown), indicating that •OH was probably derived from the reaction between •O 2 -and the liquid. TEMP was used to spintrap singlet molecular oxygen ( The tooth root canal system has complicated structures, such as isthmuses, ramifications, deltas, irregularities, and in particular dentinal tubules. It has been reported that bacteria can enter the dentinal tubules as deep as 500-1000 micron.
35 This is considered to be one of the major causes for failure in endodontic treatments. 36 The commonly used intracanal medicament, such as calcium hydroxide, could not eliminate bacteria completely in the root canal system. 37 Nearly half of the cases treated by traditional intracanal antisepsis strategies suffer from E. faecalis reinfections.
4 Plasma-generated reactive species in the gas stream, however, can effectively reach the places that are hard or even impossible to reach by traditional medicaments. These reactive species (including excited atoms and ions) produced in the plasma can directly interact with the bacteria via, for example, direct oxidation of fatty acid. 38 Perni and co-workers found that atomic oxygen plays the most essential role in the plasma inactivation process by employing three singledeletion mutants of Escherichia coli. 39 Feng and co-workers 23 demonstrated that an oxidative stress pathway is directly involved in cell resistance to plasma processing. Charge accumulation on cell membrane from excessive ions produced in the downstream of the plasma can cause the rupture of membrane via coulombic force. 40 However, D. Dobrynin and co-workers, in their work with a corona discharge, reported that charged particles alone do not play an important role. 41 Some of reactive species (longer living) can dissolve in water on the surface of the tooth (however thin a layer it may be) and interact with bacteria. They can also, upon interaction with water, produce powerful ROS such as •OH. The reactions of these species with water are rather complicated and beyond the scope of this study. However, whether dissolved or created in water, these reactive species may be transported to cytoplasm through a series of mechanisms. 42, 43 The reaction of these species with nearby organics leads to chain oxidation and thus destruction of DNA molecules as well as cellular membranes and other cell components. 44 In conclusion, we investigated the disinfection of root canal by a direct current, atmospheric-pressure, cold Ar/O 2 (2%) plasma microjet. The temperature of the plasma jet at the treatment distance was below the critical temperature in dental treatment. A 98.8% inactivation rate of E. faecalis was observed after an 8-min plasma treatment. However, a plasma treatment of at least 30 min was needed to prevent reinfection of the root canal. Compared to traditional treatment with intracanal medicaments, which usually takes 1-2 weeks, nonthermal plasmas provide a rapid, effective alternative for tooth root canal disinfection.
